Abstract. To investigate the antioxidative effect of astaxanthin on Nω-nitro-L-a rginine methyl ester (L-NAME)-induced preeclamptic rats. Cell survival, the level of reactive oxygen species (ROS) and the changes in mitochondrial membrane potential (MMP) were examined in astaxanthin and H 2 O 2 -treated human umbilical vein endothelial cells (HUVECs). The preeclamptic Sprague-Dawley (SD) rat model was established by injection of L-NAME and treatment with astaxanthin. The activities of malondialdehyde (MDA), superoxide dismutase (SOD) and nitric oxide synthase (NOS) in serum were analyzed. Pathological changes were examined by hematoxylin and eosin (H&E) staining. The expression of nuclear factor (NF)-κB, Rho-associated protein kinase II (ROCK II), heme oxygenase-1 (HO-1) and caspase 3 in preeclamptic placentas were examined by immunohistochemistry. Astaxanthin significantly reduced H 2 O 2 -induced HUVEC cell death, decreased ROS and increased MMP. Astaxanthin significantly reduced blood pressure and the content of MDA, but significantly increased the activity of SOD in preeclamptic rats. The urinary protein and the level of NO and NOS were also decreased. H&E staining revealed that the thickness of the basilar membrane was increased, while the content of trophoblast cells and spiral arteries were reduced following astaxanthin treatment. Immunohistochemistry results showed that the expression of NF-κB, ROCK II and caspase 3 in preeclamptic placentas was significantly decreased after astaxanthin treatment, while HO-1 expression was increased. In conclusion, astaxanthin inhibited H 2 O 2 -induced oxidative stress in HUVECs. Astaxanthin treatment significantly improved L-NAME-induced preeclamptic symptoms and reduced the oxidative stress and inflammatory damages in preeclamptic placentas. Astaxanthin treatment may effectively prevent and treat preeclampsia.
Introduction
Preeclampsia (PE) is a common complication during pregnancy, which is characterized by hypertension, high urea protein and abnormalities in other systems (1) . PE is a key cause of fatality of pregnant women and perinatal fetuses. It has been demonstrated that PE is associated with immunity, uterus-placental ischemia, endothelin and nitrogen oxide (NO) dysfunction (2) ; however, the precise etiology of PE remains to be determined. Recent studies demonstrated that PE development is accompanied with reduced placental infusion due to extensive damage in the endothelium, which is predominantly caused by oxidative stress and inflammation (3, 4) . Moreover, ischemia can induce the production of free radicals and decrease the activity of antioxidative proteins, resulting in damage to the endothelium (5, 6) . It is well-known that inflammation can cause immune imbalance, endothelial damage, cytokine production, activation of neutrophils and local oxidative stress in the placenta, eventually inducing PE (6, 7) .
Currently it is difficult to prevent the early stages of PE, clinical treatments predominantly focus on relieving the symptoms, such as reducing blood pressure and seizures, and supplying albumin (8) . However, the therapeutic effects of these treatments are not satisfactory and over supplementation of albumin can put a strain on the kidney. Thus, development of novel therapeutic agents to treat PE is required. Harma et al (9) reported that supplementation of antioxidants can reduce the incidence of PE by 2/3 in high-risk pregnant women, which provides direction for PE treatment. Raijmakers et al (10) observed that the combination of vitamins C and E is a promising prophylactic strategy for prevention of preeclampsia.
Astaxanthin, 3,3'-dihydroxy-β-carotene-4,4'-dione, is extensively present in aquatic biology. The major feature of astaxanthin is its antioxidative activity is 100-550 times stronger than that of vitamin E. The biological activities of astaxanthin include clearing cellular reactive oxygen species Astaxanthin blocks preeclampsia progression by suppressing oxidative stress and inflammation (ROS) , reducing oxidative stress, inflammation and blood pressure, and increasing NO utilization (11) (12) (13) (14) . Thus, according to the biological activities of astaxanthin, it was predicted that astaxanthin may effectively reduce PE. Thus, the present study aimed to investigate the effect of astaxanthin on the antioxidative activity of endothelial cells, and assess the therapeutic effects of astaxanthin on rats with Nω-nitro-L-arginine methyl ester (L-NAME)-induced preeclampsia. /ml) were exposed to different concentrations of astaxanthin (0.1, 1 or 10 µmol/l) for 48 h. Cells were washed for three times and then cultured in medium containing 500 µmol/l or 2 mmol/l H 2 O 2 for 1 or 24 h. Cells were then incubated with 20 µl MTT for 4 h at 37˚C. After removing MTT, 200 µl dimethyl formamide was added. Absorbance readings were taken at 490 nm using a microplate reader. Results were expressed as the percentage of control (untreated cells).
Materials and methods

Cell
Determination of ROS production. Intracellular oxidant stress was monitored by measuring the changes in fluorescence after intracellular probe oxidation. HUVECs were treated with different concentrations of astaxanthin (0.1, 1 or 10 µmol/l) for 48 h and 2 mmol/l H 2 O 2 for 1 h, then trypsinized and washed twice in phosphate-buffered saline (PBS). The fluorometric probe, 2' ,7'-dichlorofluorescein diacetate (DCFH-DA) (20 µM) was added to the cells and incubated at 37˚C for 45 min. Cells were washed with PBS and ROS measurement was conducted using a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). In total, 10,000 events were counted in each run using CellQuest software (BD Biosciences) and all the experiments were repeated 3 times.
Determination of the mitochondrial membrane potential (MMP) by JC-1 fluorescence. MMP was measured with the lipophilic cationic probe JC-1. HUVECs were treated with different concentrations of astaxanthin for 48 h and then 2 mmol/l H 2 O 2 for 1 h. Cells were washed twice in PBS and incubated with 2.5 µg/ml JC-1 in the dark for 20 min at 37˚C. Cells were washed twice with PBS and resuspended in 400 µl PBS and analyzed by flow cytometry. A 488-nm filter was used for excitation of JC-1. Emission filters of 535 and 595 nm were used to quantify the population of HUVECs with green (JC-1 monomer) and orange (JC-1 aggregates) fluorescence, respectively. All samples were examined by fluorescence microscopy to confirm JC-1 labeling patterns.
Animals and treatments.
A total of 120 mature Sprague-Dawley (SD) rats (weight, 250-260 g; age, 75 days) were purchased from Zhejiang Provincial Experimental Animal Center and housed in the animal center of Ningbo University Medical College (Ningbo, China). All rats were maintained under a 12-h light/dark cycle (08:00 AM lights on) and provided with food and water ad libitum. Housing and experimental environments were temperature-and humidity-controlled (21±2˚C and ~60% humidity, respectively). All experimental procedures were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Ethical Committee of Animal Use and Protection of Ningbo University (Ningbo, China).
Male rats and female rats in estrous cycle were mated at a ratio of 1:3. The day of appearance of a vaginal plug was regarded as day 1 of pregnancy. All pregnant rats were randomly assigned to the following 5 groups (n=10): Blank (no treatment), control (L-NAME treatment only) and three astaxanthin groups that were treated with 5, 15, 25 mg/kg body weight (bw)/day astaxanthin, respectively, by gavage from day 5 until the end of experiment. The rats in the control and astaxanthin groups were subcutaneously injected with 125 mg/kg bw/day L-NAME, while the rats in the blank group were injected with same volume of saline. On day 18, the blood pressure was detected and urinary protein was measured using a urine analyzer (Hitachi, Ltd., Tokyo, Japan). The increased blood pressure and level of urinary proteins indicated successful generation of preeclamptic models (15) . On day 21, the blood was collected via abdominal aorta. The rats were anesthetized using diethyl ether (Sinopharm Chemical Reagent, Co., Ltd., Beijing, China) and sacrificed by blooding via the femoral artery. The placental tissues were collected, fixed in 4% paraformaldehyde for 24 h and embedded in paraffin.
Measurement of serum oxidative parameters. The blood was centrifuged at 1,000 x g for 10 min at 4˚C to collect serum. The activity of serum malondialdehyde (MDA), superoxide dismutase (SOD) and nitric oxide synthase (NOS), and the levels of serum NO and endothelin were measured by kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions.
Immunohistochemistry. The placental sections (3-4 µm) were deparaffinized and rehydrated in a graded series of ethanol. The sections were boiled in 0.01 M sodium citrate buffer (pH 6.0) for 15 min and treated with 3% H 2 O 2 in methanol for 10 min to quench endogenous peroxidase. Then the sections were blocked in horse serum for 30 min and incubated with various anti-mouse monoclonal antibodies: Anti-nuclear factor (NF)-κB (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA; 1:100; cat. no. sc-8008), anti-Rho-associated protein kinase II (ROCK II; Santa Cruz Biotechnology Inc.; 1:200; cat. no. sc-398519), anti-Caspase 3 (Santa Cruz Biotechnology Inc.; 1:100; cat. no. sc-271759) and goat anti-mouse polyclonal heme oxygenase-1 (HO-1) antibody (Bioss Inc., Woburn, MA, USA; 1:200; cat. no. bs-2075R) overnight at 4˚C. The control sections were omitted for primary antibody. The sections were washed with PBS and incubated with biotinylated goat anti-mouse (cat. no. sc-2005) and donkey anti-goat (cat. no. sc-2020) secondary antibodies (Santa Cruz Biotechnology Inc.; 1:200) for 2 h at room temperature, followed by the incubation with the streptavidin-biotin-peroxidase complex. The sections were stained with a DAB (3,3'-diaminobenzidine) kit (Vector Laboratories, Inc., Burlingame, CA, USA) and counterstained with hematoxylin, dehydrated with ethanol, cleared with xylene and mounted in synthetic resin. Positive staining, which appeared as a brown color, was visualized under a light microscope. The expression of NF-κB, HO-1, Caspase 3 and ROCK II was quantified using by comparing positive-labeled areas and total areas using Image-Pro Plus 7.0 software (Media Cybernetics, Inc., Rockville, MD, USA).
Statistical analysis. The results are expressed as the mean ± standard error of mean. Statistical analyses were performed using the SPSS software, version 16.0 (SPSS Inc., Chicago, IL, USA). Differences among groups were analyzed by using one-way analysis of variance and Duncan's test for multiple comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results
Effect of astaxanthin on cell viability in H 2 O 2 -treated HUVECs.
HUVECs were treated with two different concentrations of H 2 O 2 and cell viability was examined by an MTT assay. As shown in Fig. 1 , compared with control cells, cell viability was reduced to 80.47% after treatment with 500 µmol/l H 2 O 2 for 24 h, and to 42.22% after treatment with 2.0 mmol/l H 2 O 2 for 1 h (P<0.01). However, astaxanthin treatment at 1.0 µmol/l and 10 µmol/l significantly improved cell viability in two concentrations of H 2 O 2 -treated HUVECs, in which cell viability in 500 µmol/l but not 2.0 mmol/l H 2 O 2 -treated HUVECs was completed rescued by 1.0 and 10 µmol/l astaxanthin (Fig. 1) . Thus, 2.0 mmol/l H 2 O 2 was used to examine the effect of astaxanthin on ROS. Mitochondria are considered the predominant intracellular source of reactive oxygen species. The decrease in MMP is associated with reduced mitochondrial function. When MMP is high, the fluorescence probe JC-1 gathers in the mitochondrial matrix to form aggregates that fluoresce red, while at low MMP JC-1 monomers fluoresce green. In the present study, the green fluorescence was strong following H 2 O 2 treatment, suggesting low levels of MMP (Fig. 3) . However, astaxanthin treatment gradually reduced green fluorescence but increased red fluorescence in H 2 O 2 -treated HUVECs (Fig. 3) . These data suggest that astaxanthin treatment can effectively protect MMP in a concentration-dependent manner.
Effect of astaxanthin on ROS and MMP in H
Effect of astaxanthin on blood pressure and urinary protein in preeclamptic rats. L-NAME is the conventional agent used to establish animal models of hypertension. After injection with L-NAME, the systolic and diastolic blood pressures were increased by 25.75 (P<0.05) and 23.00%, respectively. Moreover, the urinary protein was increased. After treatment with different concentrations of astaxanthin, blood pressure and urinary protein were reduced in a concentration-dependent manner. Notably, compared with the L-NAME group, 25 mg/kg bw/day astaxanthin reduced systolic and diastolic blood pressure by 38.09 and 57.80% (P<0.01), respectively, which was even significantly lower than that of the blank group (P<0.05, Table I ). Urinary protein was also reduced by 25 mg/kg bw/day astaxanthin.
Effect of astaxanthin on serum parameters in preeclamptic rats. In L-NAME-treated preeclamptic rats, serum NO and SOD were significantly reduced (P<0.05), while serum NOS and MDA was markedly changed (P>0.05, Table II) . However, 15 mg/kg bw/day and higher levels of astaxanthin treatment significantly decreased serum MDA but increased SOD in preeclamptic rats. Moreover, following treatment with 25 mg/kg bw/day astaxanthin, serum MDA was decreased while serum SOD level was increased compared with that in the blank group (P<0.05), while serum NO and NOS were not identified to be significantly changed (P>0.05).
Effect of astaxanthin on histological changes in preeclamptic rats. The histological changes in placental tissues were also determined following treatment with 25 mg/kg bw/day astaxanthin in preeclamptic rats. In preeclamptic placental tissues, a few spiral arteries with large lumen and thin vessel walls were observed (Fig. 4) . The basement membrane of placental tissue was irregularly thickened with increased cell nodules (Fig. 4) . Following treatment with astaxanthin, the number of spiral arteries was decreased compared with the control group, and a few trophoblasts were identified around spiral arteries (Fig. 4) . Thus, astaxanthin treatment can significantly improve the pathological changes in preeclamptic rats.
Effect of astaxanthin on the expression of certain proteins in preeclamptic rats.
The expression of PE-associated proteins in placental tissues by immunohistochemistry. In the control and astaxanthin groups, ROCK II protein was expressed in the cytoplasm of cytotrophoblasts, syncytiotrophoblasts, endothelial cells and stromal cells, with high expression in the cytoplasm of trophoblasts (Fig. 5) . Moreover, after quantitative analysis, ROCK II expression in the control and astaxanthin groups was significantly higher than that in the blank group (P<0.01), while its expression in the astaxanthin group was significantly lower than that in the control group (P<0.05, Table III) .
HO-1 was expressed in the cytoplasm of villous syncytiotrophoblasts and endothelial cells, with low expression in the stromal cells (Fig. 5) . Based on the quantitative results, HO-1 expression in the control group was significantly lower than that in the blank group (P<0.01), astaxanthin treatment significantly increased HO-1 expression in placental tissue compared with the L-NAME group (P<0.01), however, its expression still lower than that in the blank group. . Caspase 3 was expressed in the membrane and cytoplasm of trophoblasts (Fig. 5) . Its expression was significantly increased in preeclamptic placentas compared with the blank group (P<0.01), while astaxanthin treatment significantly decreased Caspase 3 expression in the placental tissues (P<0.05).
NF-κB was predominantly expressed in the cytotrophoblasts, with low expression in villous stromal cells. In the control group, high NF-κB expression was observed in the trophoblasts, with a degree of nucleus staining (Fig. 5) . Compared with the blank group, NF-κB expression was significantly increased in the control group (P<0.01), while its expression in the astaxanthin group was significantly lower than that in the control group (P<0.05) but significantly higher than that in the blank group (P<0.01).
Discussion
PE is a specific disorder associated with hypertension during gestation. The pathological mechanisms for PE are complex; however, in recent years, PE has been shown to be associated with the damage of endothelial cells, oxidative stress and inflammation in the placenta (2-6). Abnormal oxidative stress to pregnant women is a key factor involved in the induction of PE.
If placental lesions (such as less placenta blood infusion) affect maternal lipid metabolism to result in uncontrolled lipid peroxidation, they will provide excessive active oxygen and induce oxidative stress, and result in the damage to vessel endothelial cells in the placenta, which will cause pathological damage to placenta and induce PE (16, 17) . Excessive inflammation has been observed in the early stages of PE and the production of inflammation-related chemokines and cytokines is markedly increased (18) . Moreover, a previous study suggested that the development and progression of PE is the consequence of inflammation and oxidative stress to vessel endothelial cells (19) . Thus, antioxidative therapy has been applied in PE treatment (20) . Serdar et al (21) found that the level of vitamin E and carotene in patients with severe PE patients is markedly lower than that in pregnant women, suggesting that antioxidant supplements at the early stages of gestation is key in the prevention of PE. Poston et al (22) reported that the incidence of PE in pregnant women taking vitamin E and C supplements is lower than that in control and placebo groups. Antioxidative therapy to prevent PE has been performed in the United States, Canada, Mexico, England and other countries, may be particularly efficacious for PE treatment (23) .
Astaxanthin is an antioxidant and the strongest known singlet-oxygen quencher (11) . Moreover, astaxanthin has an anti-inflammatory effect through inhibiting the expression of inflammation-associated genes and changing the ratio of Th1/Th2 cells (12, 24) . Additionally, it was reported that astaxanthin can decrease blood pressure in hypertensive mice and increase the utility of NO (13, 25) . Based on the effects of astaxanthin, it is reasonable to assume that astaxanthin may have therapeutic efficacy in PE, although its application for PE therapy has never been reported.
The polyene structure of astaxanthin leads to low polarity, and it predominantly exists in a crystal form. This results in low permeabilization into cells and thus few studies have been conducted on its effects. However, Chew et al (26) found that astaxanthin does slowly permeate into cells, with a peak at 24-48 h, and thus may be a treatment candidate. In this study, H 2 O 2 was used to induce oxidative damage and astaxanthin treatment for 48 h was shown to effectively relieve H 2 O 2 -induced endothelial cell death, reduce the production of active oxygen, and protect the MMP. Astaxanthin treatment significantly increased MMP in H 2 O 2 -treated HUVECs, suggesting that it can effectively decrease the production of ROS, rescue active oxygen-induced oxidative damage to the membrane, and thus protect the function of mitochondria. P<0.01 vs. the L-NAME group. L-NAME, Nω-nitro-L-arginine methyl ester; ROCK II, Rho-associated protein kinase II; HO-1, heme oxygenase-1; NF-κB, nuclear factor-κB; bw, body weight.
Consistent with a previous study (13) , astaxanthin treatment significantly decreased blood pressure and urinary protein in L-NAME-induced preeclamptic rats. The blood pressure in astaxanthin-treated rats was even lower than that in healthy pregnant rats, thus it requires further assessment whether astaxanthin treatment induces low blood pressure. According to the histological data, astaxanthin treatment significantly decreased the number of spiral arteries, villous microvessels and cell nodules in syncytiotrophoblasts, and reversed irregular thickening of the base membrane of trophoblasts. These data indicate astaxanthin treatment can effectively reduce the symptoms of PE in rats.
Astaxanthin treatment was shown to reduce MDA and increase SOD activity, which supports the major role of astaxanthin treatment in antioxidation. Additionally, NO is a strong vasodilator, which is involved in regulating vascular tone and maintaining hemodynamic equilibrium during gestation. In preeclamptic conditions, the dysfunction of endothelial cells decreases the activity of NOS and the production of NO, and thus causes hypertension (13) . In L-NAME-induced preeclamptic rats, serum NOS and NO were markedly decreased; however, astaxanthin treatment only marginally increased serum NOS and NO. Thus, the role of astaxanthin treatment in mediating serum NOS and NO requires further investigation.
It has been demonstrated that NF-κB is involved in the regulation of immunity and inflammation (27) . In patients with severe PE, increased NF-κB expression in placenta tissue affects the invasive capacity of trophoblasts, causes the damage to endothelial cells and induces the production of inflammatory cytokines (28) . It was demonstrated that astaxanthin treatment significantly suppressed overexpression of NF-κB L-NAME-induced preeclamptic rats. These results indicate that astaxanthin treatment may decrease the production of inflammatory cytokines and the damage to endothelial cells. The Rho/ROCK signaling pathway is important in the regulation of trophoblast proliferation, apoptosis and invasion (29) , and ROCK II is regarded as an important effector downstream of the Rho signaling pathway. ROCK II expression is significantly elevated in patients with severe PE, suggesting it may be involved in the development of PE (30) . The present study also observed high ROCK II expression in L-NAME-treated rats, but astaxanthin treatment significantly neutralized L-NAME-induced ROCK II expression. These data suggest that astaxanthin may mediate the invasive capacity of trophoblasts through inhibiting ROCK II expression, and inhibiting the progression of PE. HO-1 is a rate-limiting enzyme that catalyzes oxidative degradation of cellular heme to liberate free iron, carbon monoxide (CO) and biliverdin in mammalian cells (31) . In addition, its role in heme catabolism, HO-1 exhibits anti-oxidative and anti-inflammatory functions via the actions of biliverdin and CO, respectively (31) . Compared with healthy pregnant women, HO-1 expression is significantly reduced in patients with pregnancy-induced hypertension. The present study demonstrated that L-NAME treatment significantly reduced HO-1 expression, while astaxanthin treatment significantly increased HO-1 expression in L-NAME-induced preeclamptic rats. These results suggest that astaxanthin treatment may degrade aging hemoglobin, inhibit antioxidative damage and promote CO production. It has been demonstrated that oxidative stress and inflammation can cause the apoptosis of trophoblasts and endothelial cells (32) . In the present study, it was demonstrated that L-NAME treatment significantly increased caspase 3 expression, while astaxanthin treatment could decrease caspase 3 expression in preeclamptic rats, suggesting that astaxanthin can alleviate apoptosis in PE.
In conclusion, astaxanthin has an antioxidative effect in endothelial cells. Early application of astaxanthin can effectively decrease L-NAME-induced high blood pressure, urinary protein, oxidative stress, inflammation and apoptosis in the placenta. Thus, astaxanthin can reduce the damage to endothelial cells and improve the symptoms of PE; however, its safety in pregnant women requires further investigation.
